The Twin Higgs scenario stabilizes the Higgs mass through an approximate global symmetry and has remained natural in the face of increasingly stringent LHC bounds on colored top partners.
I. INTRODUCTION
The Twin Higgs [1] and other constructions featuring color-neutral top partners [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] offer innovative symmetry-based approaches to the Higgs naturalness problem. The original mirror Twin Higgs (MTH) model posits an exact copy of the Standard Model (SM), related to our sector by a Z 2 exchange symmetry. Given a suitable scalar potential with an approximate SU (4) global symmetry, the physical Higgs boson is understood to be a pseudo-Nambu-Goldstone boson (pNGB). Thus, its mass is protected by the mirror sector top-and gauge-partners up to cutoff scales of order 5 TeV. While the Z 2 symmetry protects the Higgs mass, it also predicts significant reduction in the Higgs couplings to SM particles, in tension with observation. Typically, the exchange symmetry is softly broken, which at the same time raises the masses of the twin particles and makes the Higgs couplings to visible fields more SM-like.
This basic low energy set-up has been modified in several ways ways [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and admits various UV completions [23] [24] [25] [26] [27] [28] [29] [30] [31] . Recent work has focused on collider signals at the LHC and future machines [32] [33] [34] [35] [36] [37] [38] [39] [40] , as well as cosmological analyses [17, [41] [42] [43] [44] [45] [46] [47] [48] including several dark matter candidates [49] [50] [51] [52] [53] [54] [55] .
Phenomenologically viable twin Higgs constructions must confront the nature of the twin hypercharge gauge symmetry. If twin hypercharge is unbroken a massless twin photon is present in the spectrum. In this case one must demand that the kinetic mixing between the visible and twin hypercharge vectors is extremely small to evade strong bounds on millicharged particles [56, 57] . While such small mixing, on the order of 10 −9 , is technically natural in the low energy effective field theory (it is not generated until at least 4-loop order [1] ), UV completions often lead to much larger mixing.
The twin photon also plays an important role in cosmology. On the one hand, heavy mirror particles can annihilate or decay into twin photons, depleting their energy density so that they do not overclose the universe. In the standard thermal history, however, the twin photons, and twin neutrinos, typically provide too large of a contribution to dark radiation. These cosmological issues are addressed most simply by changing the twin particle spectrum [12, 15, 17] . From the standpoint of Higgs naturalness, a mirror twin top quark is essential, but other twin particles can be much heavier than their SM counterparts or absent entirely. Neither is gauging twin hypercharge required to protect the Higgs mass. These hard Z 2 breaking constructions are successful in making the twin Higgs consistent with cosmological measurements, but such breaking is not required. For example, a MTH model incorporating asymmetric heating of the SM and twin sectors achieves the same success [43] .
The Z 2 symmetry is crucial to the twin Higgs' cancellation of one-loop divergences. At the same time, a soft-breaking of the discrete symmetry is essential for successful twin Higgs phenomenology. It is appealing to have a dynamical origin of Z 2 breaking in both the Higgs potential and the twin spectrum. In this work we extend the exactly Z 2 symmetric MTH by a hypercharged scalar and its twin. As we show in Sec. II, this scalar can get a vacuum expectation value (VEV) that spontaneously breaks only the twin hypercharge and the discrete Z 2 . The latter breaking provides all that is needed to appropriately align the Higgs vacuum. We assume that the hypercharge scalar potential exhibits an approximate global U (2) symmetry, allowing the visible hypercharge scalar to be naturally lighter than the cutoff of theory.
Beyond the scalar sector, couplings between the hypercharge scalars and fermions are interesting for at least two reasons. First, such couplings allow the visible charged scalar to decay rapidly, alleviating any potential constraints from charged relics [58] [59] [60] . Second, the twin sector couplings provide new fermion masses and can affect twin QCD running when the twin scalar gets a VEV. Thus, a dynamical realization of a modified, fraternaltwin [12] like, spectrum is produced. What is more, these new couplings often lead to signals in a diverse array of experiments. For instance, indirect probes of the scalar, such as the flavor and neutrino related signals discussed in Sec. IV, provide interesting constraints on the possible twin particle spectra. Of course, these couplings and the twin spectrum also affect potential collider signals of the charged scaler. In Sec. V we discuss how the LHC and future colliders can search for this new scalar. Future research directions and a summary are given in Sec. VI.
II. HYPERCHARGE SCALAR DYNAMICS
The mirror Twin Higgs model postulates an exact copy of the SM gauge symmetries and field content. Our visible sector is conventionally labeled "A" while the twin sector is labeled "B". A Z 2 symmetry that interchanges A and B fields enforces the equality of gauge and
Yukawa couplings in the two sectors and is essential to the Higgs mass protection mechanism.
We add to this setup new scalar fields, Φ A and Φ B , that are respectively charged under SM and twin hypercharge. A suitable scalar potential causes Φ B to condense, spontaneously breaking twin hypercharge and giving a mass to the twin photon.
As is well-known, the mirror symmetric twin Higgs vacuum is in tension with Higgs coupling measurements [32] . It is therefore necessary to introduce a small breaking of the Z 2 symmetry to achieve a phenomenologically viable vacuum alignment. This is typically done by hand through soft or hard explicit Z 2 breaking interactions, but it is appealing to find a dynamical origin of this Z 2 breaking, which has been explored in [13, 16, [61] [62] [63] . The efficiency of our simple construction is that the Φ B VEV provides an automatic source of spontaneous Z 2 breaking, which is sufficient to align the vacuum in the desired way.
A. Warm-up: U (2) scalar potential analysis
To understand the vacuum structure it is instructive to first investigate the potential for the hypercharge scalar fields in isolation. In complete analogy with the electroweak Higgs fields, we may group Φ A and Φ B into a complex scalar doublet, Φ T = (Φ A , Φ B ). The most general Z 2 symmetric scalar potential can be written as
and is approximately U (2) symmetric when δ λ. As shown in [2] , the vacuum structure of the theory depends on the sign of δ. If δ > 0, the VEVs in each sector are equal, which we discard since this breaks electromagnetism in our sector. On the other hand, if δ < 0, the scalar potential has two global minima, with the VEV residing entirely in one sector or the other. Consequently, the phenomenologically viable spontaneous breaking of twin hypercharge also breaks the Z 2 symmetry spontaneously. The desired vacuum is described by
To understand the fluctuations around this vacuum, we define Φ A = φ A and
where ϕ B and η B are real scalar fields. Inserting this back into the potential in Eq. (1) we find the masses of φ A , ϕ B and η B are respectively given by
In the limit δ λ, the symmetry breaking pattern is U (2) → U (1), yielding three NambuGoldstone bosons (a complex φ A and real η B ). The field φ A can thus be viewed as a pNGB with mass controlled by the symmetry breaking quartic δ. The η B field is an exact NGB and is eaten by the twin hypercharge gauge boson, which obtains the mass
where g and Y are U (1) Y gauge coupling and hypercharge of the scalar fields respectively.
As mentioned above, there is another vacuum with equal depth where the VEV is completely in the A sector. This ambiguity is removed by introducing a small soft-breaking of the Z 2 by
where m 2 µ 2 . In this case, the true vacuum is that which breaks twin hypercharge and not SM hypercharge.
B. U (4) × U (2) scalar potential analysis
We now consider the vacuum alignment and the spontaneous Z 2 breaking while including the Higgs fields. The most general Z 2 preserving potential for the Higgs
and hypercharge scalars Φ T = (Φ A , Φ B ) can be written as
The terms in the first line of Eq. (6) preserve the U (4) × U (2) symmetry, while those in the second line break this symmetry while preserving Z 2 . To keep the Higgs light through the twin protection mechanism, we require the symmetry breaking quartics δ H and δ HΦ to be small compared to the symmetry preserving ones. There is no strict requirement on the maximum size of δ Φ since this interaction only involves the hypercharge scalars.
Nevertheless, we will also assume that δ Φ is small, since in this case there is a naturally light pNGB hypercharge scalar in our sector, with mass stabilized by the same twin protection mechanism used for the Higgs.
As mentioned in the previous subsection, taking δ H > 0 favors symmetric VEVs for H A and H B . When δ Φ < 0, the Φ B gets a VEV, but not Φ A , which spontaneously breaks the Z 2 symmetry. Then, the δ HΦ term generates an effective Z 2 breaking mass term for the Higgs fields, producing the desired vacuum alignment H A < H B .
With these assumptions, it is convenient study the potential by using a nonlinear parameterization for the scalar fields, including only the pNGBs in the low energy description. We take
where
The Goldstone boson matrices can be written as
In unitary gauge,
we can the write fields (see e.g., [32] ):
Inserting Eq. (9) back into Eq. (6) and dropping constant terms, we obtain the potential for the pNGBs,
To obtain a rough picture of the allowed and natural values of the twin hypercharge VEV f Φ and the mass of the visible hypercharged scalar m φ , we combine Eqs. (12) and (13) with some reasonable restrictions on the range of the U (4) × U (2) symmetry breaking couplings δ Φ and δ HΦ . Since these quartics are radiatively generated at one loop via hypercharge interactions, we expect their magnitudes are not smaller than about g 4 /16π 2 ∼ 10 −4 . As argued above, they should also be small compared to the symmetry preserving quartics, the λ parameters in Eq. (6). We thus consider |δ Φ,HΦ | 1 for strongly coupled UV completions, corresponding to symmetry preserving quartics of order 4π. Imposing these constraints, one can show that both m φ and f Φ may take values between about 100 GeV and 10 TeV. The lower bound on m φ is imposed by the rough kinematic reach of LEP on charged particles.
The nonlinear effective field theory (EFT) description given in Eqs. (7)- (10) is valid for small field values of the NGBs. Still, under the parameter restrictions outlined above, it can be shown that there are no other local minima nearby. Globally, the full potential in Eq. (6) has another equally deep minimum, which can be obtained by a Z 2 transformation. As in the previous section, our electroweak vacuum can be rendered the true global minimum of the potential by introducing a small source of explicit Z 2 breaking. However, we neglect these small corrections in what follows.
III. SCALAR COUPLINGS TO MATTER
The extended scalar sector introduced in Sec. II B can both generate a mass for the twin hypercharge gauge boson and spontaneously break Z 2 to achieve the desired Higgs vacuum alignment. Moving beyond the dynamics of the scalar potential, there are strong motivations for the new scalars to couple to matter. First, without such couplings the hypercharge scalar φ A is stable and is thus subject to the stringent bounds on cosmologically stable electrically charged particles [60] . Introducing appropriate couplings of φ A to matter causes it to decay rapidly. Second, the spontaneous breaking of mirror hypercharge due to the 
While some of the interactions in Eqs. (16) and (17) spring from higher dimension operators, it is plausible that the UV scale Λ is relatively low (perhaps as low as the cutoff of the Higgs sector, Λ ∼ 5 TeV) such that they mediate speedy decays. This leads to a variety of possible φ A collider signals, which we explore in Sec. V.
There are other possibilities for the decays of the hypercharge scalar which we briefly mention, but do not explore in detail. One option is that φ A decays to pairs of bosons. There can also be Z 2 symmetric interactions that couple A and B sector fields. For example, in the Y = 1 scenario there is a dimension five operator that connects the sectors
If the Φ B VEV is not too much smaller than Λ this can mediate appreciable φ + A →¯ A¯ B decays. The same interaction can allow twin states to decay to the visible sector through an off-shell φ A into visible states, specifically two charged leptons and a neutrino, if kinematically allowed. Such a decay may be cosmologically important, depleting twin leptons, and would be directly tied to a visible collider signal.
B. Dynamical twin fermion mass
Next, we investigate the twin fermion masses generated by Φ B . To begin, there are the usual mass terms that arise solely from twin electroweak symmetry breaking,
Due to the exact Z 2 the Yukawa couplings and the coefficient of the Weinberg operator in each sector are identical. 
while in a model with Y = 2 we have
Interestingly, the new mass terms in Eq. (20) We see from Eqs. (20) and (21) that the new twin fermion mass terms are generated from dimension four, five, and six operators with sizes We next consider mass terms from operators involving more than one Φ B . In the Y = 1 case, the following operators containing two Φ B fields are allowed by the symmetries
These dimension five and seven operators generate Majorana masses for the twin charged leptons of size
respectively. We estimate the maximum sizes of these mass terms to be m 5 1 TeV and m 7 40 GeV under the same assumptions used in the previous paragraph. We note that for the Y = 1 model the terms in Eqs. (19) , (20) , and (23) generate all possible twin fermion masses consistent with the unbroken twin SU (3) c symmetry.
Another way to distort the twin spectrum is to couple the singlet operator |Φ B | 2 to the twin Yukawa operators. After spontaneous symmetry breaking these generate effective twin
Yukawa couplings beyond those of the visible sector. For instance, in the case of the twin charged leptons we have
Therefore, the effective Yukawa coupling for the twin lepton includes the contributions from Eq. (19) and Eq. (25), and is given by y B = y + δy B , where we have defined
The contribution to the effective Yukawa from Eq. (26) 
where the Wilson coefficient should be at least as large as the one loop radiative contribution of orderc ∼ c λ Φ /8π 2 . From Eq. (27) we obtain the minimum shift in the A sector Yukawa coupling,
where in the second step we have used Eq. (26) . Demanding that the visible sector Yukawa couplings are not tuned, δy A < y , we find the criterion, terms for the twin neutrino these cannot be significantly larger than the ordinary neutrino masses without introducing some tuning.
C. Twin confinement
In the MTH model, the twin SU (3) c gauge symmetry confines at a scale about a factor of ϑ −2/9 larger than in the visible sector [52] , so Λ QCD,B Λ QCD,A . In our scenario, however, Λ QCD,B can be substantially higher than Λ QCD,A , perhaps by as much as an order of magnitude. Two effects contribute to this increase in the confinement scale. First, as shown above, the twin quarks can acquire new masses from terms like Eq. (20) . When these states are raised well above the GeV scale, the twin QCD coupling runs faster and confinement happen at higher scale.
Another effect concerns the possible UV matching condition of the strong gauge couplings in each sector. For instance, the UV physics may induce operators of the form
After Φ B condenses and the twin gluon kinetic term is canonically normalized, we find the strong gauge couplings in each sector differ by
As discussed in Ref. [52] , O(10%) shifts in α s at the UV cutoff can result in Λ QCD,B being larger than Λ QCD,A by a factor of a few. While a shift of this size may be difficult to obtain in perturbative completions of Eq. (30), it could plausibly arise from a strongly coupled UV theory. Clearly, modifying the quark masses and the confinement scale can have important implications for the hadronic spectrum in the twin sector as well as cosmology. We return to this discussion with some outlook in Sec. VI.
D. Summary
We have shown that after spontaneous twin hypercharge and Z 2 breaking the interactions in Eqs. (20), (21), (23), (25) , and (30) can dramatically distort the twin matter spectrum relative to the mirror symmetric expectation. The Z 2 related couplings in Eqs. (16) and (17) allow φ A to decay, evading any dangerous constraints from cosmology on stable electrically charged particles. We now turn discuss the indirect constraints on these couplings, which in turn shape the allowed form of the twin particle spectrum.
IV. INDIRECT CONSTRAINTS
As detailed in the previous section, it is possible to qualitatively alter the dynamics of the twin matter sector, both in the relation between the interaction and mass eigenstates as well as the size of the masses. However, due to the Z 2 symmetry there is an interesting interplay between the twin fermion spectrum and precision measurements in the visible sector. While the φ B couplings in the mirror sector generate twin fermion mass terms, the analogous φ A couplings in the visible sector lead to a host of precision observables. Constraints from the latter thus limit the maximum sizes, and flavor structure, of the twin fermion masses. While an exhaustive study of these constraints is left to future work, in this section we highlight some of the most sensitive probes. (16) is nonzero (specifically the coupling λ 12 ), the hypercharge scalar contributes to the tree level muon decay µ − → e − ν µνe . This modifies the relationship between the Fermi constant, G µ , determined from the precise measurements of the muon lifetime, and G F obtained from precision electroweak measurements. Integrating out the W boson and the hypercharge scalar to obtain the effective four fermion interaction that describes muon decay, we obtain the relation
The muon lifetime measurement leads to the determination G µ = (1.1663787 ± 0.0000006) × 10 −5 GeV −2 [64] . Following Ref. [65] we define the precision observable G F by
Using α = 1/137.036 (negligible error), m W = 80.379 ± 0.012 GeV, m Z = 91.1876 ± 0.0021
GeV, and 1 − ∆r = 0.9633 ± 0.0002 [66] , we obtain G F = (1.1680 ± 0.0009) × 10
There is a mild ∼ 1.8σ discrepancy already between G µ and G F , which the hypercharge scalar worsens. Therefore, to place a conservative 2σ C.L. limit we demand that the correction from the hypercharge scalar in Eq. (32) is smaller than twice the G F uncertainty, i.e.
Taking m φ = 300 GeV, we find this places a limit |λ 12 | 0.1 on the coupling constant.
While we have focussed on the decay of the muon decay here, the interactions in Eq. (16) also predict corrections to other flavor-conserving processes. These include τ and meson decays, as well as radiative contributions to electric and magnetic dipole moments (see e.g., [67] ). The doubly charged scalar interactions with electrons in Eq. (17) may also show up in, e.g., parity-violating Moeller scattering; see Ref. [68] for a recent study. We now turn to flavor violating processes.
B. Lepton Number Violation and Neutrino Masses
Next, we consider lepton number violation and radiative contributions to neutrino masses.
While any individual interaction in Eqs. (16) or (17) does not by itself break lepton number, the presence of two or more of such couplings can collectively break the symmetry by two units. Here we estimate the size of the neutrino masses generated by pairs of such couplings.
The bottom left diagram of Fig. 1 shows the one-loop contribution to SM neutrino masses generated by the λ and Y couplings. We estimate the mass as
where we have assumed m φ = 300 GeV and used the τ mass for m to obtain the most restrictive bound. The current cosmological bounds on the sum of neutrino masses is about 0.1 eV [69, 70] , so we see that λY 10 −7 . The remaining interactions require two-loop process to generate neutrino masses. The top of Fig. 1 shows the leading process involving the κ interaction given in Eq. (23) . The generated mass is
where we again take m φ = 300 GeV and m = m τ . The bounds on λ and κ are rather weak in compared to those coming from the one-loop contribution in Eq. (35) . We find it quite interesting that this process with couplings in the range of ∼ 0.01-1 automatically generates neutrino masses of the correct size.
Interactions involving quarks can also lead to neutrino masses at two loops, as shown in the bottom right of Fig. 1 . We estimate the size of the neutrino masses in this case to be
Thus we see that neutrino mass constraints give some of the tightest bounds on Y u and Y d if λ is not very small.
C. Lepton flavor violation
The couplings of the hypercharge scalar can lead to processes that violate lepton flavor.
These include decays such as µ → eγ, τ → µγ, µ → 3e, etc, as well as µ → e conversion in nuclei. Here we focus on one such process, the decay µ → eγ. The MEG experiment has placed a 90% CL upper bound on the branching ratio, Br(µ → eγ) MEG < 4.2 × 10 −13 [71] .
In our model the decay is induced at one loop if both λ 13 and λ 23 in Eq. (16) are nonzero, as shown in Fig. 2 . The branching ratio is found to be 
where τ µ 2.2 × 10 −6 s is the muon lifetime. Thus, for m φ near the weak scale, the couplings are bounded to be smaller than about 0.02 if they have similar sizes. A nearly identical analysis constrains the c AB coupling in Eq. (18) . In this case the right-handed twin lepton plays the role of the neutrino and λ → c AB f Φ /Λ. (16), there are also two-loop contributions that can be large due to larger fermion masses, as shown on the right side of Fig. 2 . We estimate the contributions from the up-and down-type quarks as well as lepton interactions as
down-type quark ∼ g
These contributions are comparable in size to the one-loop contribution only when m q = m t .
Even in this case, a coupling λ 12 Y u of order one only makes the two loop contribution competitive with the one loop result.
D. Quark Flavor Violation
The hypercharge scalar's couplings to SM quarks in Eq. First, in the case of nonzero Y u , we obtain
The Wilson coefficient in this case is finite and can be written in full generality in terms of Inami-Lim type functions. Here we quote the result in the limit of anarchic couplings (i.e., all elements of Y u having similar sizes), and m φ m t :
Thus, K −K mixing imposes only mild constraints on Y u couplings.
Next, for nonzero Y d we obtain the effective Lagrangian
In this case the Wilson coefficient is logarithmically divergent. Assuming anarchic Y d couplings and m φ m t we find
Thus, K −K mixing imposes significant constraints on anarchic Y d couplings.
E. Discussion
As we have seen, there is a broad array of precision measurements that constrain the couplings of the hypercharge scalar to matter. Because of the Z 2 symmetry, these constraints also place upper bounds on the size or structure of the new twin fermion mass terms. While some of the constraints appear to be quite strong, we note that they depend in a detailed way on the flavor structure of the couplings. Furthermore, some observables depend on the fermion Yukawa couplings, in which case the corresponding constraints on the hypercharge scalar interactions with first and second generation fermions are weaker. Consequently, it seems easier to lift the first and second generation fermions, which is the more interesting possibility in any case. We have surveyed only a handful of the various observables, and much work remains to full characterize the existing constraints, the allowed patterns of couplings, and in turn the patterns of the twin fermion mass spectrum that are allowed.
V. COLLIDER PHENOMENOLOGY
A. Hypercharge scalar at the LHC One of the main predictions of our scenario is the existence of a hypercharge scalar φ A .
If kinematically accessible, this state can be pair produced at the LHC or future e + e − and hadron colliders. We reiterate that φ A can be naturally light in our scenario, with mass around the weak scale, as it enjoys the same twin protection mechanism utilized for the Higgs.
Here we focus on the sensitivity of the LHC to hypercharge scalars. At leading order the hypercharge scalars are pair produced via→ φ A φ * A through s-channel photon and Z boson exchange. For Y = 1, the quantum numbers of φ A are identical to those of the righthanded slepton in the MSSM. In this case we use the results of Ref. [73] for the right-handed slepton pair production cross section, evaluated at next-to-leading-logarithmic accuracy. At There are a variety of possible φ A signatures, depending on its decay channels and branching ratios. We now survey some of these possibilities.
• Opposite sign dileptons plus missing transverse momentum Hypercharge scalars with Y = 1 can decay via φ + A → +ν if the λ coupling in Eq. (16) is nonzero. Similarly, if the sector mixing operator in Eq. (18) is nonzero we have the decay φ
If the B decay length is long enough, then in both of these cases, the signature resulting from pair producing the hypercharge scalars, pp → φ
, is two opposite sign dileptons plus missing transverse momentum. The former is signature identical to that which is predicted for right handed slepton pair production in the MSSM, when the slepton decays to a lepton and a massless neutralino LSP.
A CMS search based on 35.9 fb −1 at √ s = 13 TeV excludes at 95% C.L. slepton masses between about 110 and 250 GeV for electron final states, and below about 220
GeV for muon final states, assuming a branching ratio of unity to the final state under consideration [74] . Similar searches have been carried out by ATLAS [75] . These limits can be applied without ambiguity to our scenario. Employing a simple estimate of the reach based on scaling of parton luminosities, we find that the high luminosity LHC (HL-LHC) with a 3000 fb −1 dataset will eventually be able to probe masses in the range of 500-600 GeV for these channels. Considering τ final states, we note that the LHC is not yet able to constrain right handed staus [76] . However, an ATLAS study suggests that masses between about 200-400 GeV will eventually be tested at the HL-LHC [77] .
• (16), leading to paired dijet resonances. So far, searches for signature of this kind have targeted strongly produced particles (e.g. RPV stops [79] ). Indeed, particles produced through electroweak interactions that decay to hadronic final states are extremely challenging to probe at the LHC due to their low production rate and large QCD backgrounds. For instance, considering 100 GeV scalars decaying to light flavor dijets, an ATLAS search places an upper limit on the pair production cross section of about 600 pb [79] . This is more than three orders of magnitude larger than the production cross section of hypercharge scalars of the same mass. It seems likely that the LHC has a blind spot to this case.
On the other hand, a future high energy e + e − machine would likely be able to probe such scalars without difficulty up to the kinematic limit of the machine.
• Non-prompt signatures Finally, we briefly comment on some of the possible signatures that arise when the hypercharge scalar has a macroscopic lifetime on the scale of the LHC detectors. Such signals result from couplings to matter in Eqs. (16) and (17) that are very small or absent. There are a variety of possible non-prompt signatures, including heavy stable charged particles, displaced lepton pairs, displaced vertices with multiple tracks, kinked tracks, among others. We refer the reader to the recent review article [80] and [81] for a comprehensive discussion.
The sector mixing operator in Eq. (18) can also lead to an interesting, and more novel, displaced signal. As mentioned above this operator allows for the process pp →
. At the same time the same operator allows the B to decay through an off-shell φ A back into a pair of leptons and a neutrino. Thus, the signal of this process is a prompt pair of leptons, followed by one or more displaced leptons plus missing energy. In order to determine the parameter ranges such a signal corresponds to we must determine the decay length of the twin lepton. To leading order in m A /m B we find
Indirect constraints do limit some of these interactions, for instance Eq. (18) can mediate µ → eγ decays at one-loop, similar to the left-side of Fig. 2 . The flavor diagonal couplings, however, can still be quite large. If we take the twin leptons to have masses of a few GeV then we find decay lengths of about
Note that for smaller lepton masses the decay length quickly becomes very large.
While the discussion above has focused on pair production, we also note that there is the possibility of resonant production of a single hypercharge scalar, ud → φ + A . This requires the couplings Y u,d to be sizable in order to have a significant production rate. Possible signatures in this case include a dijet resonance, mono-lepton, and various non-prompt signals.
B. Higgs Physics
The twin Higgs scenario, like other pNGB Higgs models, predicts tree-level deviations from the SM Higgs couplings. The reduction in couplings by cos ϑ in both the mirror [32] and fraternal [12, 39] limits can be discovered at hadron colliders, but may require a precision lepton machine for definitive results. The usual reductions are augmented in our scenario due to the mixing of the Higgs and radial mode of the mirror hypercharge scalar, denoted here as ρ. As detailed in the Appendix, to leading order in m 2 h /m 2 ρ , where m ρ is the mass of the radial mode, we find the mixing angle α satisfies
Then, any coupling of Φ B to twin particles ψ B leads to
This increases the coupling of the Higgs to twin states. In some limits there can be large couplings of the Higgs to twin leptons, which significantly increase its invisible width. However, the bounds on these couplings are driven by the usual reduction in Higgs couplings to SM states. Nevertheless, a precision e + e − machine could measure both the Higgs coupling deviations in the SM and the Higgs invisible width, which would provide a check on these additional couplings due to the Φ radial mode.
From the scalar potential in Eq. (10), we obtain a coupling of the hypercharge scalar to the Higgs, L ⊃ −A hφ A φ * A hφ A φ * A , where
This coupling provides a new contribution to h → γγ decays. Includng the overall cos ϑ suppression in the tree level coumpling, the ratio of the partial decay width to the SM prediction is
where A 0 (τ ) = τ −2 (arcsin 2 √ τ − τ ) and A SM γγ ≈ 6.5. Since current LHC measurements of the hγγ coupling have a precision σ κγ ∼ 10% [82] , we place a weak bound on f Φ as a function of ϑ and m φ :
where we have used Eqs. (51) and (52) When the twin quark spectrum is raised above the twin confining scale, the Higgs can acquire exotic displaced decays through twin glueballs and mesons [12, 33, 34] . In addition to these results, the coupling in Eq. (18), which couples the visible and twin leptons, can lead to exotic displaced decays of the Higgs. The process is h → B B followed by the decay of the twin leptons into a pair of SM leptons and a SM neutrino through an off-shell φ A .
As shown in Eq. (48), these three body decays can be quite long. But for some regions of parameter space, with heavier twin leptons, the exotic displaced lepton decays could provide a striking signal at the LHC and future colliders.
C. Kinetic Mixing
The bounds on millicharged particles limit the amount kinetic mixing the visible photon can have with another massless U (1) gauge field. In the MTH model the twin electrons are
MeV scale, so the kinetic mixing must be 10 −9 [56, 57] . Such mixing is not generated until at least the four-loop level in the low energy theory [1] , but much larger mixing can occur, depending on the particle spectrum above the cutoff.
When the twin hypercharge is broken the bounds on kinetic mixing are greatly relaxed, and the dominant constraints come from colliders. When the SM and twin hypercharge bosons are kinetically mixed and twin hypercharge is broken, the twin fermions all acquire couplings to the visible sector Z boson. At the same time the two massive neutral vector bosons in the twin sector become coupled to the SM fermions. Consequently, the twin vectors can be resonantly produced at colliders, and decay visibly. In particular, di-lepton final states at hadron machines provide the cleanest and hence most powerful probe.
As shown in [84] current collider constraints allow kinetic mixing ∼ 0.1. Such large mixing can lead to interesting collider signals at the HL-LHC and future machines. Furthermore, it may play a cosmological role by keeping the sectors in thermal contact longer after reheating.
This mixing may also be used to determine if newly discovered states are part of a twin framework, connecting the newly discovered particles to Higgs naturalness.
VI. OUTLOOK
As we have seen, the seemingly minor extension of the MTH model by a hyperchaged scalar leads to an abundance of new physics opportunities. We now briefly discuss several remaining open questions and promising future research directions.
A. Cosmology and Dark matter
As increasingly precise observations are made, the ΛCDM cosmology is becoming well established. In particular, measurements on the number of relativistic degrees of freedom, N eff , constrains the particle content, or thermal history, of any hidden sector. The minimal mirror symmetric Twin Higgs model predicts ∼ 5 additional relativistic degrees of freedom, which is inconsistent with a standard thermal history; see Refs. [17, 43, 44, 46, 50, 52] and for discussion and proposed solutions.
While a detailed investigation goes beyond the scope of this work, our construction seems to have the ingredients needed for a successful thermal cosmology. Since twin hypercharge is spontaneously broken, there is the possibility of lifting most of the would-be light states (twin photon, twin neutrinos, light generations of twin quarks and charged leptons) to mass scales of order GeV or higher, as discussed in detail in Secs. II and III. It is also possible that the twin confinement scale is a factor of a few to ten larger than Λ QCD . Furthermore, new interactions (from the hypercharge scalars or through hypercharge gauge kinetic mixing for instance) have the potential to maintain equilibrium between the visible and twin sectors to a later epoch than the one predicted by the Higgs portal interaction. Putting everything together, it is possible to sketch a scenario which reduces ∆N eff below the latest Planck measurements [85] , along the lines of a fraternal twin Higgs scenario. At the same time, as twin baryon number is a good symmetry, the semi-fraternal twin sector can also provide an asymmetric dark matter candidate [51, 52, 55] .
However, Secs III and IV show that the new twin fermion mass terms are related by the discrete Z 2 symmetry to couplings of φ A to SM fermions. Thus, the precision constraints on the visible sector couplings, from neutrino masses and flavor for example, limit the size and flavor structure of the twin masses. Thus, before one can make a definitive statement regarding the cosmological scenario outlined above, a comprehensive study of the precisions constraints must be carried out.
B. Neutrino masses
Our construction reveals several potential mechanisms for generating light SM neutri- masses are generated at two loops [86, 87] .
Finally, since the mirror sector contains particles that are neutral under the SM gauge symmetries, there is the possibility of marrying these states with the SM neutrinos to generate neutrino masses. One obvious option is to marry the twin neutrinos with the SM neutrinos via a mixed Weinberg operator (L A H A )(L B H B ), which has been explored on several occasions [14, 22, 46] . In our scenario, since twin hypercharge (as well as twin SU (2) L ) are spontaneously broken, it also possible to marry the twin charged leptons with the SM neutrinos. For instance, we can consider operators such as (L A H A )(Φ − Bē B ) → ν AēB . Such an operator, along with the Z 2 related operator, may lead to new experimental observables.
C. UV completions
In our bottom up construction the hypercharge scalars are introduced by hand, but may naturally be present in UV completions of the Twin Higgs. Perhaps the most attractive candidate for the Y = 1 hypercharge scalar is a right-handed slepton in a supersymmetric UV completion [19, 20, 23, 24, 26, 30] . In composite Higgs completions, one can extend the constructions in Refs. [27] [28] [29] by assuming strong dynamics spontaneously breaks twin hypercharge and produces a pNGB hypercharge scalar in our sector. We expect there are a variety of cosets which can furnish the required symmetry breaking pattern.
D. Breaking other twin gauge symmetries
In this work we have considered only the spontaneous breaking of twin hypercharge.
It would also be interesting to consider the spontaneous breaking of the twin SU (3) c color gauge symmetry, which has several potentially novel implications. First, there are additional possibilities for twin fermion mass terms, which marry various pairs of twin quarks and leptons. If an unbroken twin SU (2) c subgroup remains, confinement still takes place in the twin sector, although at a much lower scale due the smaller beta function. Alternatively, if the twin color symmetry is completely broken, twin quarks do not confine. Furthermore, by completely breaking the color symmetry one can also attempt to build dynamical models of top partners as dark matter [5] or heavy right handed neutrinos [7] . At the LHC, one expects additional colored scalar states in the visible sector, which in complete analogy to the hypercharge scalar considered in this work, can be naturally light due to is pNGB nature and a twin protection mechanism. Finally, one could consider additional states that break twin electroweak and hypercharge symmetries, such as electroweak triplets and/or additional electroweak doublets. We hope to explore these issues in future work.
E. Summary
We have explored a Twin Higgs construction in which mirror hypercharge and Z 2 are spontaneously broken. The model predicts a new hypercharge scalar field in the visible sector, which can be naturally light and within reach of the LHC. Perhaps the most novel aspect of the construction follows from couplings of the hypercharge scalar fields to matter. Through these couplings, twin fermions acquire new dynamical mass terms upon spontaneous symmetry breaking, potentially realizing a fraternal-like scenario with a distorted twin matter spectrum. Due to the Z 2 symmetry, analogous couplings of the hypercharge scalar in the visible sector imply a broad range of phenomena that can be probed through precision measurements, leading to a novel interplay between the twin spectrum and visible sector observables. 
where the lepton mass is given by m = λ f Φ and factor of 3 comes from the number of generations. Clearly, for the Higgs to decay into these particles we need λ < m h /(2f Φ ).
With this restriction, there is only a small region of parameter space where the masses are light enough for Higgs decays and the couplings are large enough for measurable changes to the Higgs invisible width or the rates into SM states. We see from the right plot in Fig. 3 that if λ = 0.2 the lepton masses are too large for the Higgs to have appreciable width into them, and by the time λ = 0.01 the width has again become small. Only at the intermediate values of λ are there significant deviations, and hence constraints on f Φ .
